The properties of clusters of galaxies offer key insights into the assembly process of structure in the universe. Numerical simulations of cosmic structure formation in a hierarchical, dark matter dominated universe suggest that galaxy cluster concentrations, which are a measure of a halo's central density, decrease gradually with virial mass. However, cluster observations have yet to confirm this correlation. The slopes of the run of measured concentrations with virial mass are often either steeper or flatter than predicted by simulations. In this work, we present the most complete sample of observed cluster concentrations and masses yet assembled, including new measurements for 10 strong lensing clusters, thereby more than doubling the existing number of strong lensing concentration estimates. We fit a power law to the observed concentrations as a function of virial mass, and find that the slope is consistent with the slopes found in simulations, though our normalization factor is higher. Observed lensing concentrations appear to be systematically larger than X-ray concentrations, a more pronounced effect than found in simulations. We also find that at fixed mass, the bulk of observed cluster concentrations are distributed log-normally, with the exception of a few anomalously high concentration clusters. We examine the physical processes likely responsible for the discrepancy between lensing and X-ray concentrations, and for the anomalously high concentrations in particular. The forthcoming Millennium simulation results will offer the most comprehensive comparison set to our findings of an observed concentration-mass power law relation.
INTRODUCTION
Galaxy clusters are the most recent structures to assemble in a hierarchical ΛCDM universe and therefore offer important clues to the detailed understanding of the growth of structure in the universe. The ΛCDM paradigm is well studied and observationally supported on the largest scales by the cosmic microwave background data, high-z supernovae, and galaxy surveys. Clusters of galaxies are a useful laboratory to further test this paradigm, as their masses, abundances, and other properties such as baryon fraction provide key cosmological constraints.
Clusters also provide overwhelming evidence for the existence of copious amounts of dark matter in the universe. The bulk of the mass of a cluster is dark matter (∼ 85%), with hot baryonic gas contributing about 10% and the rest provided by the stellar content of the constituent galaxies.
One of the key predictions of CDM is the excellent fit to density profiles on a wide range of scales provided by the NavarroFrenk-White (NFW) form (Navarro et al. , 1997 , or with modifications to the inner slope (Moore et al. 1999; Navarro et al. 2004 ). In numerical simulations of structure formation, it is found that this profile fits dwarf galaxy scale dark matter halos as well as massive, cluster scale dark matter halos. For a typical cluster dark matter halo in these simulations, the density profile steepens for radii larger than the halo's typical scale radius (defined more precisely in § 2 below).
A useful diagnostic, the halo concentration, can be defined as the ratio of the halo's virial radius to its scale radius. This concentration parameter reflects the central density of the halo, which depends on the halo's assembly history and thereby on its time of formation. Since in the hierarchical structure formation scenario massive galaxy clusters are the most recent bound objects to form, their concentrations are a crucial probe of the mean density of the universe at relatively late epochs.
As originally suggested by Navarro et al. (1996) and supported by later numerical simulations of cosmological structure formation (Bullock et al. 2001; Hennawi et al. 2007 ), a halo's concentration parameter is related to its virial mass, with the concentration decreasing gradually with mass. Given this prediction it is important to test this trend with observational data, as this offers an indirect check on the veracity of the paradigm itself. The situation at present with observed clusters with measured concentrations is unclear due to the plurality of methods employed to derive these c 0000 RAS concentrations as well as systematics arising from the complex dynamics and its effect on mass distributions.
In this paper, we present new concentration measurements for 10 strong lensing clusters and combine our results with other measurements in the literature to construct an observed concentrationmass relation for galaxy clusters. In § 2, we present the basic definitions and equations relevant to computing concentrations. In the following section, § 3, we define the observational sample and the various methods used to select these clusters. We present the constructed observed concentration-mass relation in § 4, and examine the distribution of concentrations at fixed mass in § 5. In § 6, we explore the physical effects that might cause anomalously high measurements of concentration for some clusters, and present our conclusions in § 7.
One of the key points we emphasize is that the clusters in this compiled sample have their masses and concentrations measured using a variety of different methods: strong lensing, weak lensing, X-ray temperatures, line of sight velocity distributions, and the caustic method. In several cases, a cluster's mass and concentration are measured using multiple methods that yield different results, and it is these discrepancies that are of interest. Throughout this paper, we adopt a spatially flat cosmological model dominated by cold dark matter and a cosmological constant (Ωm0 = 0.3, ΩΛ0 = 0.7, h = 0.7).
DEFINITION OF THE CONCENTRATION PARAMETER
Cosmological simulations of structure formation suggest that dark matter halos, independent of mass or cosmology, follow the density profile given by Navarro et al. (1996 Navarro et al. ( , 1997 . The spherically averaged NFW profile is given by ρ(r) = ρs (r/rs)(1 + r/rs) 2 ,
where ρs is a characteristic density and rs is the scale radius, which describes the transition point where the density profile turns over from ρ ∝ r −1 to ρ ∝ r −3 . The mass contained within radius r of an NFW halo that produces gravitational lensing of the background sources is
where x ≡ r/rs and Σcrit is the critical surface mass density, defined as
which depends on the angular diameter distances D l,s,ls from the observer to the lens, to the source, and from the lens to the source, respectively. The scale convergence is κs = ρsrs/Σcrit (Bartelmann 1996) . The concentration parameter of a halo is the ratio of its virial radius to its scale radius, and is representative of the halo's central density. In much of the literature discussing cluster concentrations, two distinct definitions of the virial radius are commonly used. First, the virial radius may be defined as the radius r200 at which the average halo density is 200 times the critical density at the halo redshift. In this case, the concentration is denoted as c200 ≡ r200/rs. In an alternative convention, the virial radius is defined as the radius rvir at which the average halo density is ∆vir(z) times the mean density at the halo redshift z, where ∆vir(z) = (18π 2 +82x−39x 2 )/(1+x) and x ≡ Ωm(z)−1 (Hu & Kravtsov 2003) . The resultant halo concentration is cvir ≡ rvir/rs.
For ease of comparison with other work, we will henceforth report all measurements in terms of both definitions of virial radius: c200 and the corresponding halo mass M200 ≡ M ( r200), and cvir and the corresponding Mvir ≡ M ( rvir).
OBSERVATIONAL SAMPLE
To determine the observed relation between concentration and virial mass for galaxy clusters, we compile a sample of all known observationally-determined concentrations and the corresponding virial masses. The bulk of our sample is drawn from pre-existing data in the literature, but we also incorporate new concentration and mass determinations for 10 strong lensing clusters. This compilation presents the most complete sample of observed cluster concentrations and virial masses yet assembled; in total, our sample consists of 182 unique measurements for 100 galaxy clusters. Comerford et al. (2006) used the strong lensing arcs observed in 10 galaxy clusters to fit elliptical NFW dark matter density profiles to each cluster. Using their best-fit scale radius and scale convergence parameters, as well as the observed cluster and arc redshifts, we determine a concentration and mass for each lens, shown in Table 1 . We compute errors in concentration and mass based on the errors derived for the best-fit NFW parameters. As detailed in Comerford et al. (2006) these errors are quite small (and likely underestimate the true error) because they apply to one particular model and do not reflect degeneracies between models.
New Concentrations for 10 Strong Lensing Clusters
In particular, for several lensing clusters, the best-fit mass distribution is bi-modal and due to the difficulty of converting these mass models accurately to a single NFW parameterization to derive the concentration, we retain in our sample only clusters that are well defined by a primary single dark matter halo. Our fits to the clusters ClG 2244−02, 3C 220.1, MS 2137.3−2353, MS 0451.6−0305, and MS 1137.5+6625 fulfill this criterion, more than doubling the number of existing cluster concentration and mass measurements, with errorbars, from strong lensing.
Two of the clusters from Comerford et al. (2006) , ClG 0054−27 and Cl 0016+1609, do not have published arc redshifts, preventing us from determining the cluster's critical surface mass density (Equation 3) and therefore the virial mass or the concentration parameter. Instead, we assume a ratio of angular diameter distances Ds/D ls = 1 to calculate the concentrations and masses for these two clusters, reported in Table 1 . We exclude these two clusters, however, from the analysis that follows.
Compiling Published Observations
We combine our concentration and mass measurements with those in the literature to create a complete sample of observed galaxy cluster concentrations and virial masses. The mass distributions of these clusters are fit using a variety of observational methods, and in many cases a cluster is independently fit by different authors using different methods. The assumption of spherical or axial symmetry of the halo often figures prominently in mass calculations. We briefly outline below each of the methods employed in the determination of a dark matter halo's mass distribution. 3.3 ± 0.2 6.5 ± 0.7 3.8 ± 0.2 7.2 ± 0.8 ClG 0054−27 b G1 1.2 ± 0.1 0.42 ± 0.07 1.5 ± 0.1 0.52 ± 0.09 G2 2.1 ± 0.1 0.95 ± 0.12 2.5 ± 0.1
2.3 ± 0.1 0.51 ± 0.06 2.7 ± 0.1 0.59 ± 0.07 Strong lensing (SL) -Strong lensing typically occurs when the projected surface mass density in the inner regions of a cluster is sufficiently high to produce one or more distorted images of a single background galaxy. The observed positions, orientations, and magnifications of the lensed images are used to constrain the mass distribution of the cluster lens. The integrated mass determined in the inner regions of a cluster from strong lensing effects is often systematically higher than that determined using X-ray data, leading to higher values of the estimated concentration parameter compared to the average galaxy cluster that is not a lens. This effect is due to the fact that lensing clusters and in particular those that exhibit strong lensing tend to preferentially sample the high mass end of the cluster mass function.
Weak lensing (WL) -The gravitational tidal field caused by a mass distribution produces elongated, tangential distortions of background objects. These weak distortions are observed at large radii from the center of lensing clusters and their statistical analyses provide a direct measure of the density profile of the cluster lens at intermediate to large radii.
Combined weak lensing and strong lensing (WL+SL) -If both weak and strong lensing measurements of a cluster are used in combination, they can be used to effectively break the mass-sheet degeneracy (Schneider & Seitz 1995) that often plagues solitary strong or weak lensing mass measurements. Therefore, the combination of strong and weak lensing can provide a more accurate and calibrated mass distribution for a cluster.
X-ray temperature -The hot gas in galaxy clusters emits Xrays via bremsstrahlung radiation and atomic line emission. The surface brightness distribution and the measured cluster temperature can be used to determine the density profile. Combining the temperature and density information yields the cluster mass. However, the X-ray technique for mass determination assumes that the intra-cluster gas is distributed in a spherically symmetric fashion and is in hydrostatic equilibrium (Evrard et al. 1996) . These assumptions may be untenable; for example, observed buoyant bubbles near the cores of galaxy clusters suggest the hot gas may not be strictly in hydrostatic equilibrium (e.g., Churazov et al. 2001) .
Line of sight velocity distribution (LOSVD) -The LOSVD for a cluster is a function relating the number of cluster galaxies with their line of sight velocities. This function is parameterized by velocity moments, which can be measured observationally (for example, the second moment of the LOSVD is the square of the line of sight velocity dispersion). Combining these results with the Jeans equation, assuming spherical symmetry, determines the potential and therefore the density profile of the cluster itself.
Caustic method (CM) -When the line of sight velocity is plotted against the projected clustercentric radius, member galaxies in a cluster align in a distinctively flaring pattern. The edges of these flares are called caustics and demarcate the cluster infall region (Kaiser 1987) . Based on the location and amplitude of these caustics, we can infer the cluster potential and therefore the mass of a cluster. However, this technique relies upon the assumptions of spherical symmetry and does not adequately take into account the non-linearities in structure formation.
A variety of definitions are used in the literature for the virial radius, and for consistency we employ the Hu & Kravtsov (2003) formula to convert all concentrations and masses to our preferred convention of (c200, M200) and (cvir, Mvir). We also convert all the data to a flat ΛCDM cosmological model (Ωm0 = 0.3, ΩΛ0 = 0.7, h = 0.7). The entire sample is presented in Table A -1, which we use to define an observed cluster concentration-mass relation.
THE OBSERVED CONCENTRATION-MASS RELATION
To discern the trend between concentration and mass, we first cull our sample down to only those concentrations that have corresponding virial mass estimates and that have published errors in both quantities. This narrows our sample down to 62 clusters. Several clusters have multiple, distinct measurements of their concentration and virial mass, leading them to be over-represented in our sample in comparison to clusters with a single measurement. To address this problem, we take the median value of the concentration and its corresponding virial mass to be representative of a cluster with multiple measurements. This is done consistently in our analysis.
As the distribution of cluster concentrations is so broad, we bin the data into four mass bins with approximately equal numbers of clusters in each bin for a more effective comparison. We determine the mean and standard deviation of the cluster concentrations (normalized to z = 0) and masses in each bin, then fit a power law,
where c0 and α are constants, z is the cluster redshift, and the mass normalization is taken to be M⋆ = 1.3 × 10 13 h −1 M⊙ as in the simulations. The best fit we obtain is cvir = 14.8±6.1 (1+z) (Mvir/M⋆) −0.14±0.12 , shown in Figure 1 . We compare our fit to the c − M relations inferred from dissipationless Nbody simulations of ΛCDM cosmic structure formation, which are cvir = (Mvir/M⋆) −0.13 from Hennawi et al. (2007) . Our fit has approximately the same slope as the simulations, but a somewhat larger normalization by a factor of 1.6 compared to Bullock et al. (2001) and a factor of 1.2 compared to Hennawi et al. (2007) simulations.
Our finding of a slope α consistent with simulations is significant, because previous studies of observed clusters have not found this agreement. Fits to X-ray clusters of mass > 10 14 M⊙ have found α ∼ 0, or an approximately constant concentration-mass relation (Pointecouteau et al. 2005; Vikhlinin et al. 2006 ). In the opposite extreme, studies of X-ray galaxy groups and poor clusters with lower virial masses in the range of ∼ 10 13 M⊙ find steep slopes of α = −0.226 ) and α = −0.44 (Sato et al. 2000) . Finally, the Buote et al. (2006) sample of X-ray galaxy systems ranging in mass from 10 13 M⊙ to 10 15 M⊙ has a slope of α = −0.172.
Both observations and simulations find a large scatter in concentration for a given virial mass, which is likely due to the variation in halo collapse epochs and histories (Bullock et al. 2001 ). Comparing our best fit to the unbinned clusters, shown in Figure 2 , we find a 1-σ scatter of ∆(log cvir) ∼ 0.15 in our relation. The simulations have scatters of ∼ 0.18 in Bullock et al. (2001) and ∼ 0.098 in Hennawi et al. (2007) (calculated from data courtesy of J. Hennawi). However, we cannot directly compare these to the observationally derived scatters due to the differing systematics.
We note that the concentrations of clusters determined from lensing methods (weak, strong, and a combination of the two) are systematically higher than the concentrations determined by other methods. Figure 3 shows the distribution of lensing concentrations relative to X-ray concentrations; a Kolmogorov-Smirnov test finds only a 28% probability that the two are in fact derived from the same parent distribution.
A similar, though less pronounced, effect has been found in numerical simulations of clusters. Hennawi et al. (2007) identified lensing clusters from their simulated sample by using ray tracing to compute strong lensing cross sections for each cluster, and found that the simulated strong lensing clusters have on average 34% higher concentrations than the total simulated cluster population. In our observed sample, we find a larger fraction: about 55% higher concentrations on average for observed strong lensing clusters.
Why are lensing concentrations systematically higher than Xray concentrations? Several known physical effects are implicated in explaining this discrepancy. The X-ray method of determining a mass distribution depends on the assumption of hydrostatic equilib- rium, which breaks down for unrelaxed clusters. As a result, X-ray measurements may underpredict concentrations for unrelaxed systems such as clusters undergoing mergers.
In particular, if non-thermal sources of pressure support are present and significant, for example due to the presence of a magnetic field on small scales in the inner regions of a cluster, the assumption of hydrostatic equilibrium will tend to underestimate the total mass and hence yield a systematically lower value for the concentration. Loeb & Mao (1994) argue that for the cluster Abell 2218, a factor of about 2 − 3 discrepancy in the strong lensing determined mass and the X-ray determined mass (under the assumption of hydrostatic equilibrium) enclosed within 200 kpc can be explained with the existence of an equi-partition magnetic field. This effect alone could likely close the gap between X-ray and lensing concentrations.
In addition to underpredicted X-ray concentrations, overpredicted lensing concentrations could also contribute to the discrepancy in concentration estimates. In particular, lensing concentrations can be inflated due to the effects of halo triaxiality, substructure along the line of sight, and adiabatic contraction in the dark matter due to the collapse of baryons in the inner regions of halos.
It is impossible to observationally determine a distant halo's three-dimensional shape, and most mass-finding techniques assume a spherical halo. However, a spherical halo model fit to a triaxial cluster, if projected along the major axis, would overestimate both the cluster's concentration and its virial mass (Gavazzi 2005; Oguri et al. 2005) . If a halo were significantly elongated along the line of sight, its concentration could be overestimated up to 50% and its virial mass estimation could double (Corless & King 2006) . Methods now exist to estimate the shape of a dark matter halo from the observed intracluster gas (Lee & Suto 2003) .
Structure along the line of sight to the cluster can also contribute to a higher estimated concentration. Simulations of King & Corless (2007) halo mass models do, can artificially and substantially inflate concentration estimates.
Finally, adiabatic contraction in the halo core could substantially increase a cluster's concentration, as argued by Gnedin et al. (2004) . The dissipative collapse of baryons in the centers of dark matter halos induces a steepening of the dark matter density profile in these regions. This steepening will systematically increase the concentrations. Adiabatic contraction could explain why our observed lensing concentrations are yet higher than the simulated cluster lens concentrations in our comparison. The Hennawi et al. (2007) simulated lensing clusters are products of dissipationless simulations, whereas observed clusters have presumably undergone adiabatic contraction and a corresponding steepening in the density profile, yielding a higher value for the concentration.
CONCENTRATIONS FOR FIXED HALO MASS
Numerical simulations further indicate that concentrations for fixed halo mass are log-normally distributed. To test this hypothesis for observed clusters, we examine the clusters grouped into four mass bins, as detailed in § 4. We then fit a log-normal function to the distribution of concentrations in each bin. For our x = (1 + z)cvir, the log-normal probability density function (PDF) is
where µ and σ are the expectation value and standard deviation. The panels in Figure 4 show the best-fit log-normal functions to each mass bin, as well as the expectation value, standard deviation, and χ 2 for each fit. The concentrations appear to be consistent with a log-normal distribution, with the exception of a couple of high concentration clusters that lie beyond the tail of the distribution. To determine how well the bulk of concentrations, without the outliers, is fit by a log-normal distribution, we omit all concentrations greater than 2-σ from the expectation value. This cut elimi- nates one cluster from bin 2 (top row, right in Fig. 4 ) and one from bin 3 (bottom row, left in Fig. 4) .
The resultant fits, shown in Figure 5 , have improved in goodness of fit to the data by a factors of 6 and 2 in χ 2 for bin 2 and bin 3, respectively. All four bins are now well-fit by a log-normal function, suggesting that the vast majority of observed clusters follow a log-normal distribution, but with a few outliers with substantially higher concentrations.
These outliers are ZwCl 0024+1652 (in bin 2) and MS 2137.3−2353 (in bin 3), and their anomalously high concentrations are well documented in the literature. Possible explanations for these high concentrations are presented in the next section.
ANOMALOUSLY HIGH CONCENTRATION CLUSTERS
Three clusters stand out for their anomalously high concentrations, which are several sigma higher than the predicted concentrationmass relations. They are the lensing clusters ZwCl 0024+1652 (cvir = 26; Kneib et al. 2003) , Abell 1689, and MS 2137.3−2353.
Although there are only lensing measurements of the ZwCl 0024+1652 concentration, multiple strong lensing, weak lensing, combined strong and weak lensing, and X-ray measurements have been made of the concentrations and virial masses of both Abell 1689 and MS 2137.3−2353. Many of these individual measurements are even consistent with concentration-mass relations, leading us to ask whether the anomalously high concentrations are indeed real, and what the physical explanation for these high concentrations might be. Figure 6 illustrates the range of concentrations measured for the cluster Abell 1689. Strikingly, if not for the weak lensing measurements, this cluster would have a rather typical range of concentrations. Apparently some systematic effect causes the weak lensing concentrations to be inflated relative to concentrations inferred via other methods. For instance, the weak lensing signal could be more sensitive to substructure close to the line of sight, causing concentration overestimates, as discussed in § 4.
We see an analogous effect in MS 2137.3−2353, shown in Figure 7 . Here, all of the smaller, unsurprising concentration values are the result of X-ray measurements. Lensing measurements produce most of the anomalously high concentrations.
As discussed in § 4, X-ray concentrations can be systematically low for clusters that do not conform to the assumption of hydrostatic equilibrium. And, lensing concentrations can be elevated due to projection effects, substructure, or adiabatic contraction. We expect lensing concentrations to be greater than X-ray concentrations, but it is yet unclear whether the anomalously high lensing concentrations of these three clusters are real.
This concern has been addressed for each of the three anomalously high concentration clusters. The high lensing concentration of MS 2137.3−2353 may be explained by an elongated halo with its major axis close to the line of sight (Gavazzi 2005) . Also, ZwCl 0024+1652 exhibits prominent substructure that may account for its high concentration estimates. For example, Kneib et al. (2003) identify a main clump with high concentration as well as a secondary, low concentration clump, while this paper (Table 1 ) fits three cvir ∼ 5 clumps to ZwCl 0024+1652.
Perhaps the most progress has been made in explaining Abell 1689's concentration, which has been measured to be as high as cvir = 37.4 (Halkola et al. 2006 ) but has come down to a consensus of cvir ∼ 6 − 8 (Limousin et al. 2006) due to careful, detailed modeling including an unprecedented large number of strong lensing constraints.
SUMMARY AND CONCLUSIONS
We have presented a comprehensive set of observed galaxy cluster concentrations and virial masses, including new concentration estimates for 10 strong lensing clusters. With this data, we fit the dependence of the concentration parameter with virial mass to a power law to compare with the relation obtained in simulations.
The main results of this analysis are:
1. The observed cluster concentrations and virial masses are best fit by the power law cvir = with M⋆ = 1.3 × 10 13 h −1 M⊙. The slope is consistent with the value of −0.13 found by simulations, in contrast to previous observational studies which found a steeper slope or no slope at all. The normalization of our best fit is at least 20% higher than the normalizations found by simulations. We suspect that adiabatic contraction and a steepening of the dark matter density profile in response to the collapse of baryons in real clusters offers a likely explanation for this systematic offset.
2. Cluster concentrations derived from lensing analyses are systematically higher than concentrations derived via X-ray temperatures. We find that observed strong lensing clusters have concentrations 55% higher, on average, than the rest of the cluster population, a larger factor than found in simulations. The discrepancy between lensing and X-ray concentrations is likely due to some combination of X-ray concentrations underpredicted for unrelaxed clusters and lensing concentrations overpredicted due to halo triaxiality, structure along the line of sight, and adiabatic contraction.
3. For fixed mass, the majority of observed clusters are distributed log-normally in concentration, with a few exceptions. The log-normal distribution is predicted by simulations, but has not been measured observationally prior to this work. The exceptions to this log-normal distribution are two clusters well-known for their anomalously high concentration measurements.
4. The three clusters with the highest concentration measurements have been well studied, and the physical effects (such as halo elongation, substructure, and adiabatic contraction) behind these large concentrations are better understood. These effects need to be accounted for with careful modeling.
Although our observed concentration-mass relation for galaxy clusters is reasonably consistent (albeit with a higher normalization) with present simulations, the Millennium simulation will offer the best comparison set to the observed relation reported here. This simulation will offer ample statistics spanning all four mass bins for a direct comparison with our data. ACKNOWLEDGMENTS J.M.C. and P.N. acknowledge insightful and useful discussions with Matthias Bartelmann. We also benefited from exchanges at the concentration discussion group at the KITP workshop on applications of gravitational lensing. J.M.C. acknowledges support by a National Science Foundation Graduate Research Fellowship. Table A -1 contains the full data set of observed cluster concentrations and virial masses used in this paper. We convert all concentrations and masses to our definitions of virial radius (given in § 2) and use h = 0.7 throughout. In all, there are 182 unique measurements of 100 clusters. 
APPENDIX A: COMPLETE COMPILATION OF OBSERVED CLUSTER CONCENTRATIONS AND VIRIAL MASSES

